This study considers the time-dependent behaviour of bone in the context of loosening of metal implants, which is one of the typical complications of joint replacement and fracture-fixation surgeries. We employed viscoelastic properties developed from our previous experimental studies for trabecular bone in a representative bone-implant construct, which was subjected to cyclic loading at varying loading frequencies. We found that the separation between the bone and the implant is a function of loading frequency and increases with number of loading cycles applied. Our analysis shows that at the start of cyclic loading, a higher frequency results in a lower displacement response of bone at the bone-implant interface; however, after the bone-implant system has been subjected to a large number of cycles ( . 500 cycles in this study), higher interfacial displacements are observed at higher loading frequencies. In other words, higher loading frequencies will not result in bone-implant separation if limited number of cycles are applied. In all cases, interfacial displacements increase as bone volume ratio decreases. This simple approach can be used to evaluate the mechanical environment in bone-implant systems due to cyclic loading which commonly used time-independent models that are unable to simulate. The approach can also be used to evaluate implant loosening due to cyclic loading.
Introduction
Many forms of joint replacement (e.g. hip 1 and knee 2 ) and fracture-fixation treatments (e.g. external fixators 3 and locking plates 4, 5 ) employ bone-implant constructs which experience cyclic loading due to normal physiological activities. Aseptic loosening is the failure of the bond between the bone and the implant in the absence of infection. Aseptic loosening is recognised as the most common cause of revision in major arthroplasties. 1, 2, 6 It has been suggested that high strains in the bone at the bone-implant/screw interface can initiate loosening 7 which can result in infection and further loosening. [8] [9] [10] Micromotion at the bone-implant interface is an important parameter that determines the primary stability of the implant and is often caused by deformation of bone. 6 A common pattern of migration, initial rapid phase followed by a slower continuous phase, has suggested that the early loosening of implant is a mechanical phenomenon or at least mechanically triggered. 11 Experimental investigations have shown that the bone-implant interface micromotion is a function of the number of loading cycles for a range of implants used for total hip replacement, femoral fracture fixation, spinal fracture fixation and radius fracture fixation. [12] [13] [14] [15] Trabecular bone is recognised as time-dependent material. [16] [17] [18] The displacement (or strain) response of bone to cyclic loads is a function of cycles (i.e. bone's cyclic loading history) [19] [20] [21] and the loading frequency. 22 Almost all previous studies that considered modelling of bone-implant systems assumed bone to have a timeindependent mechanical response (i.e. it deforms instantaneously on load application), 4, 9, 23, 24 though in some studies, bone was assumed to be elastic while others modelled it as nonlinear. 3, 25 To the best of the authors' knowledge, there are only two studies that have employed time-dependent behaviour of bone in computational simulation. Shultz et al. 26 reported that bone's viscoelastic behaviour, namely, stress relaxation, has an asymptotic effect on stem contact pressure for press-fit femoral stems, which reduces stem pull-out load. Xie et al. 27 employed nonlinear-viscoelastic and nonlinearviscoelastic-viscoplastic material for a bone-implant system and showed that interfacial deformations in the bone increased with cycle numbers. However, the effect of loading frequency on bone-implant interface mechanics has not been previously considered.
This study uses the experimentally developed bone volume ratio (BV/TV)-based linear viscoelastic constitutive model 18 to evaluate the mechanical environment at the interface of an idealised bone-implant construct subjected to cyclic loading at different frequencies. The aims of this study were to examine the relative deformation between the bone and the implant when bone is modelled as a viscoelastic material. The effects of BV/ TV, loading frequency and number of cycles on interfacial deformations are evaluated.
Material and methods
An idealised system, two-dimensional plane-strain construct, with a representative implant and surrounding bone as shown in Figure 1 (a) was employed. Bonescrew systems used in unilateral fixators and locking plates motivated the choice of this idealised system. It is, however, clear that this is a simplification of reality as the screw would be cylindrical, whereas a planestrain representation implies a plate-like implant.
However, since the plane-strain assumption provides confinement in the out-of-plane direction, it is expected to provide representative results in the plane of the model. The model was kept simple to maintain transparency of the results, that is, to ensure that the response is due to the assignment of viscoelastic properties to trabecular bone subjected to cyclic loading at varying frequencies without adding complications associated with the geometry.
Perfect fit between the implant and the bone was assumed along the length of the implant while a small gap was included between the implant end and the bone to avoid influence of any end shape effects and maintain simplicity. The implant was assumed to be unicortical and a 1 mm thick cortex was included in the model as shown in Figure 1 (a).
The geometry was meshed using 4930 six-noded modified plain strain elements (CPE6M) in Abaqus 6.12 (Simulia, Providence, RI, USA). Mesh convergence studies were performed and they show that further mesh refinement resulted in an increase of maximum displacement of bone by less than 0.3%.
The implant and the cortical bone were assumed to be homogeneous, isotropic and time-independent materials, with Young's modulus of 180 GPa and 20.7 GPa, respectively. 23 BV/TV-based viscoelastic material properties were employed to define the time-dependent properties of trabecular bone in which the relaxation modulus function, E(t), is given by 18 where f is the BV/TV of trabecular bone, t is time and B, p, p t ,Ẽ i andr i are constant material coefficients evaluated as given in Table 1 . 18 Consequently, f is the only variable in the evaluation of relaxation modulus function. Three BV/TV values were selected: 15%, 25% and 35%, as they represent commonly found low, medium and high bone volume fractions. Poisson's ratio of n = 0.3 4, 23 was applied to all the materials. A standard Coulomb friction coefficient of 0.3 23 was employed based on some of the recent studies, 4,23 with surface-to-surface frictional contact assumed at the bone-implant interface. Translation degrees of freedom at all edges of bone section were constrained except at the edge with screw hole, as shown in Figure 1 (a).
A 300 N concentrated triangular cyclic loading (Figure 1(b) ) was applied at the right end of the implant over a thickness of 6.5 mm (Figure 1(a) ) with designated loading frequencies for 2000 cycles. One complete cycle includes a ramp loading and unloading. Seven loading frequencies, f, from 0.1 to 10 Hz, were investigated ( Figure 1(c) ), which cover the physiological frequency range of normal human activities from slow walking to running. 28 There were 21 models included in this study: 3 BV/TV material models at seven different loading frequencies.
Results
Eight selected cycles were considered for this comparative study: cycle 1, 5, 10, 100, 500, 1000, 1500 and 2000 denoted as C1, C5, C10, C100, C500, C1000, C1500 and C2000, respectively. The maximum displacements within trabecular bone were extracted and plotted against loading frequencies for the above eight cycles as shown in Figure 2 for both loaded (when the load is at its peak) and unloaded (when the construct is completely unloaded) phases with varying BV/TV. The displacement contours for BV/TV = 15% at the unloaded phase are shown in Figure 3 for the above eight selected cycles.
We first consider the displacement at the loaded phase. Maximum displacement of trabecular bone at the loaded phase, for all BV/TV values considered, plotted against loading frequencies at selected cycles is shown in Figure 2 (a), (c) and (e). It is apparent that at C1, for BV/TV = 15% (Figure 2(a) ), f =0.1 Hz has the largest displacement compared to other loading frequencies. These plots also show that the maximum displacement reduces with increase in frequency in the initial loading cycles (e.g. cycle 1 response in Figure  2 (a) reduces with frequency). However, higher maximum displacement is observed at higher loading frequencies after a number of loading cycles (e.g. . 500 cycles). Rapid increase in displacement with increased cycle numbers was observed for higher loading frequency cases. At the end of C2000, the maximum displacement for f = 10 Hz is much higher than maximum displacement observed for f = 0.1 Hz.
These observations were also found to be true for the other two samples (BV/TV = 25% and 35%) considered in this investigation, and the results are shown in Figure 2 (c) and (e) for BV/TV = 25% and 35%, respectively. In addition, if the bone-implant construct is loaded at the same frequency for the same number of cycles, then, as expected, higher maximum displacement is obtained with a lower BV/TV sample ( Figure  2(a) , (c) and (e)).
We now consider the displacements upon unloaded phase. The maximum displacements of trabecular bone in the unloaded phase plotted against loading frequencies at eight selected cycles are shown in Figure 2 (b), (d) and (f) for BV/TV = 15%, 25% and 35%, respectively. As would be expected, majority of the displacements recover immediately upon unloading in the initial cycles as shown in Figure 2 . It is clear that the loading frequencies significantly affect the maximum displacement experienced by trabecular bone. For BV/TV = 15%, at lower cycles (e.g. below say C500), the higher displacement was observed at low loading frequencies ( Figure  2(b) ). With further increase in cycle numbers, rapid increase in maximum displacement with increased cycle numbers can be observed for higher loading frequencies. In other words, the displacement that remained at unloaded time points accumulated much faster at high loading frequencies, and this was found to be true for all the BV/TV samples examined in this study ( Figure  2 (b), (d) and (f)). At C2000, f = 10 Hz had the largest maximum displacement, and it was more than four times of maximum displacement observed for f =0.1 Hz (Figure 2 ).
Similar to the loaded phase, the observed displacement at the unloaded phase was related to BV/TV of bone; for trabecular bone with higher BV/TV, lower displacement was observed, that is, for the boneimplant construct loaded at the same frequency for the same number of cycles, a much smaller maximum displacement was observed when trabecular bone had higher BV/TV (Figure 2 (b), (d) and (f)).
The observations from the peak displacement within trabecular bone are confirmed by the contour plot which shows the displacement distribution for the entire section of the bone. Figure 3 shows the contour plots of the bone when the bone-implant system is on the unloaded phase. At lower cycles, lower loading frequencies resulted in larger displacement of bone at the interface compared to the higher loading frequencies (e.g. at C1, f = 0.1 Hz case results in larger displacement of bone compared to f = 10 Hz case). The displacement upon unloading accumulated significantly with increasing cycle numbers, which was true for all the loading frequencies. With increasing loading cycles, relatively larger displacement was observed when the bone-implant construct was loaded at higher loading frequencies (e.g. at C2000, f = 10 Hz case has relatively larger displacement compared to f = 0.1 Hz case). It essentially means that the displacement in the bone is accumulated much faster if the bone-implant constructed is loaded at higher loading frequencies.
Discussion
This study shows that the interfacial displacements in trabecular bone due to cyclic loading applied to the At the beginning of cyclic loading, lower loading frequencies result in higher displacement in trabecular bone for both loaded and unloaded phases, while with increased cycle numbers, higher displacements are observed at higher loading frequencies. In all cases, displacements increase as BV/TV decreases. It is reasonable to assume that there are two linked mechanisms at play: effect of timedependent material response and dynamic effect due to frequency of loading. In the initial cycles, higher frequency resulted in lower displacement response for both loaded and unloaded phases. This shows that the viscoelastic model used is able to capture the phenomenon observed in previous studies: higher strain rates result in higher effective stiffness. [29] [30] [31] [32] In the first few cycles, the lower loading frequency has a relatively longer loading time and relatively smaller loading rate. Therefore, larger displacement occurs when bone-implant construct is loaded at a lower frequency during the loading and unloading phases as the bone is provided more time to deform or recover.
For a time-dependent material, the displacement increases with time when it is subjected to a constant force, and recovery occurs upon force removal and again takes time. During cyclic loading, bone would only partially recover before it is subjected to the next cycle of loading. Consequently, the displacement accumulates with increasing number of cycles for all BV/TV samples and for all loading frequencies. This observation is consistent with previous experimental studies, in which the displacement of bone in a bone-implant construct was found to be a function of number of loading cycles. [13] [14] [15] With increasing cycle numbers, the loading frequency starts playing a dominant role. When the boneimplant construct is loaded at higher frequencies, the loading/unloading time is shorter (in comparison to lower frequency loading) and the bone is loaded again by the next cycle before it can recover from its last loading cycle. Therefore, the shift between the excitation force and displacement response occurs, which depends on the frequency of excitation. Recently, Sadeghi et al. 33 suggested that to date, there is little data on the variation of mechanical properties of bone with increasing loading frequency. Lafferty and Raju 22 reported that for the cortical bone, with increased loading frequencies (from 30 to 125 Hz), the number of cycles required to produce fracture decreases. Another indirect evidence is provided by Burr et al., 34 who measured in vivo strains in the human tibia during walking and running and reported that the strain experienced by bone was higher for running than walking, some of it is perhaps due to larger forces exerted during running. The viscoelastic model developed from experiments on trabecular bone and employed here for a bone-implant construct is consistent with observations from previous studies. The effect of BV/TV is as expected with lower BV/TV giving higher deformations for all cycles and loading frequencies.
The aim of the current study was to develop trendsthe response of interface micromotions in a boneimplant construct when it is subjected to cyclic loads at different frequencies; these trends can only be evaluated by including time-dependent material models. The trends observed in this study are not only applicable to a bone-screw-like construct (e.g. locking plate, 5 unilateral fixator, 9 ilizarov fixator 3 ) but also for joint replacement implants (e.g. total knee replacement 24 ).
This study has a few limitations. We used an idealised plane-strain model which implies that the implant is essentially a plate inserted in a long block of bone. These simplifications are unlikely to change the trends with respect to loading frequencies and influence of number of cycles. We show that the displacement response of bone follows a trend with respect to BV/ TV; however, we do recognise that bone microstructure has a role to play in addition to that of BV/TV as has been shown for time-independent properties. 35, 36 The study assumed the bone to be isotropic, though it is accepted that it is anisotropic. 37, 38 However, anisotropy is almost never included in bone-implant models as it is not straightforward to do so; isotropy which may be based on computed tomography (CT) attenuations (which are empirically related to density or BV/TV) for subject-specific models 39, 40 is the common approach employed. This study suggests use of BV/TV-based isotropic time-dependent viscoelastic properties rather than BV/TV-based isotropic time-independent properties. As the focus of this study was to examine the time-dependent properties of trabecular bone-induced accumulated deformation at the bone-implant interface with respect to different loading frequencies, the complex geometry at the implant surface was excluded. We believe that the trends of loading frequencies related to displacement at the interface remain true. Similar to several previous computational 5, 9 and in vitro 13, 14 studies, we considered primary stability soon after the operation and before any biologically driven remodelling of bone or osseointegration occurs.
The importance of viscoelastic behaviour of bone has been discussed in several contexts -from material performance to creep deformation of bone. 41 In this study, the context is implant loosening. This simple approach shows that time-dependent behaviour of bone can be incorporated readily in finite element models for the evaluation of the mechanical environment at the bone-implant interface due to cyclic loading, which commonly employed time-independent material models are not equipped to provide. It can be used to evaluate implant performance in the bone of varying densities.
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